Atherosclerotic plaque rupture with luminal thrombosis is the most common mechanism responsible for the majority of acute coronary syndromes and sudden coronary death. The precursor lesion of plaque rupture is thought to be a thin cap fibroatheroma (TCFA) or "vulnerable plaque". TCFA is characterised by a necrotic core with an overlying thin fibrous cap (≤65 m) that is infiltrated by macrophages and T-lymphocytes. Intraplaque haemorrhage is a major contributor to the enlargement of the necrotic core. Haemorrhage is thought to occur from leaky vasa vasorum that invades the intima from the adventitia as the intima enlarges. The early atherosclerotic plaque progression from pathologic intimal thickening (PIT) to a fibroatheroma is thought to be the result of macrophage infiltration. PIT is characterised by the presence of lipid pools which consist of proteoglycan with lipid insudation. The conversion of the lipid pool to a necrotic core is poorly understood but is thought to occur as a result of macrophage infiltration which releases matrix metalloproteinase (MMPs) along with macrophage apoptosis that leads to the formation of a acellular necrotic core. The fibroatheroma has a thick fibrous cap that begins to thin over time through macrophage MMP release and apoptotic death of smooth muscle cells converting the fibroatheroma into a TCFA. Other causes of thrombosis include plaque erosion which is less frequent than plaque rupture but is a common cause of thrombosis in young individuals especially women <50 years of age. The underlying lesion morphology in plaque erosion consists of PIT or a thick cap fibroatheroma. Calcified nodule is the least frequent cause of thrombosis, which occurs in older individuals with heavily calcified and tortious arteries.
Introduction

D
espite continuous advances in medical interventional and surgical therapies for the treatment of atherosclerotic coronary disease the latter remains the principal killer in the western and the developing worlds [1] . A better understanding of atherosclerosis is therefore needed in order to prevent its devastating effects world wide. Through the appointment of a consortium of investigators in the field of atherosclerosis the American Heart Association (AHA) classification was first published in 1994/1995 which helped towards a better understanding. We have modified the AHA classification as it was based on the premise that plaque rupture was the only mechanism responsible for coronary thrombosis however, our laboratory and that of van der Wal described the existence of plaque erosion [2, 3] . Atherosclerotic plaque rupture and thrombosis remains the main cause of the majority of acute coronary syndromes and sudden coronary Reproduced with permission from Virmani et al. [2] . 73% however, this incidence is based on both hospital (AMI deaths) and coroner based sudden death autopsies of mostly older individuals [4] . In patients dying from acute myocardial infarction, the frequency of acute plaque rupture is higher (79%) than that of individuals dying sudden coronary death (65%). The frequency of plaque erosion in patients dying from AMI is lower (25%), but the incidence of erosion is higher in women than in men [2, 5] .
Plaque ruptures (Fig. 2) develop in a lesion with a large necrotic core (usually >30% plaque area) with an overlying thin disrupted fibrous cap, measuring <65 m and is heavily infiltrated by macrophages and T-lymphocytes; a platelet rich luminal thrombus develops because of physical contact between flowing blood with highly thrombogenic necrotic core. By contrast, erosions are characterised by a luminal thrombus superimposed on a proteoglycan-rich matrix with mostly smooth muscle cells (SMCs) and very few inflammatory cells [5, 6] . Calcified nodule, which is the least frequent cause of coronary thrombi, typically contains calcified plates along with calcified nodules that penetrate the lumen, with disruption of the overlying collagen layers and the endothelium; the thrombus is mostly non-occlusive [2] .
The Classification of Atherosclerosis
Intimal Thickening and Fatty Streaks
The earliest vascular change described microscopically is intimal thickening (AHA Type I lesion), which consists of layers of smooth muscle cells and extracellular matrix. In autopsy specimens from 17 weeks of gestation to 23 months, it has been reported to occur in 35% of neonates where the intima/media ratio at birth is 0.1 and increases progressively to reach 0.3 by two years of age [7] . However, before the gestation of 30 weeks intima was rarely observed [7] . Smooth muscle cell proliferation was observed in the media before birth but was rare after birth, whereas the intima replication index was 2-5% [7] . Although intimal thickening is more frequent in atherosclerosis-prone arteries such as coronary, carotid, abdominal and descending aorta, and iliac artery [8] , the change is considered adaptive (non-atherosclerotic) since the SMCs exhibit a very low proliferative activity later in life and show anti-apoptotic phenotype [9, 10] .
The termed "intimal xanthoma" or "fatty streak" (AHA Type II lesion), is a lesion primarily composed of abundant macrophage foam cells interspersed within a smooth muscle cells (SMC) and proteoglycan rich intima. Although Reproduced with permission from Falk et al. [4] . this entity is considered by AHA classification as the earliest lesion of atherosclerosis, our experience and reports of human and animal studies [11, 12] , show that this lesion is a reversible process (with little progressive tendencies). From the Pathobiologic Determinants of Atherosclerosis in Youth (PDAY) studied it is clear that lesions in the thoracic aorta, abdominal ventral aorta and mid right coronary lesions may regress with advancing age (15-34 years) [13] . Elegant studies of video microscopy have shown that foamy macrophages may leave the wall by passage between endothelial cells into the lumen [14] .
Pathologic Intimal Thickening
The earliest of progressive lesions in our experience is the pathologic intimal thickening (PIT, AHA Type III lesion). This lesion is primarily composed of layers of smooth muscle cells in a proteoglycan-collagen matrix that is aggregated near the lumen with an underlying lipid pool consisting of an acellular area, rich in hyaluronan and proteoglycans (mainly versican) with lipid insudation [2] . There is an affinity for plasma lipoprotein, especially the low density lipoproteins to aggregate and attach to the proteoglycans of the extracellular matrix in the lipid pool [15, 16] . Moreover, structural changes in the glycosaminoglycan chains on proteoglycans may represent an initial proatherogenic step that facilitates the binding and retention of atherogenic lipoproteins [17, 18] .
Another important hallmark of PIT is the variable accumulation of macrophages on the luminal aspect of the plaque (outside the lipid pool), although they are not observed in all lesions of PIT. We consider lesions of PIT with macrophages as a more advanced stage of plaque development. Nakashima et al. described foamy macrophage accumulation in early lesions of plaque progression in coronary arteries near branch points [17] . While the precise nature of why macrophages accumulate in lesions of PIT is not fully understood, the expression of select proteins within lipid pools may play an important role. Furthermore, some lesions with PIT exhibit varying degrees of small free cholesterol clefts at the edge or within lipid pools. We assumed that the free cholesterol is derived from dead and dying smooth muscle cells however, this remains to be proven. Apoptotic SMCs within lipid pools are recognised by the presence of a thick basement membrane that surrounds the area previously occupied by the smooth muscle cell (cages of basal lamina). Also, observed within the lipid pool is the presence of microcalcification which are likely calcifying matrix vesicles [19, 20] .
Fibroatheroma
Fibroatheromas (AHA Type IV lesion) consist of an acellular necrotic core, which is distinguished from lipid pool areas of PIT as it is made up of cellular debris and is devoid of matrix which is best appreciated by sirius red staining. The necrotic core is covered by a thick fibrous cap consisting of smooth muscle cells in a proteoglycan-collagen matrix [2] . Our laboratory subclassifies fibroatheromas into those with "early" and "late" necrotic cores, because this distinction may enable us to better understand how necrotic cores evolve. Early necrotic core is identified by the presence of foamy macrophage seen infiltration into the luminal surface of the lipid pools which coincides The presence of free cholesterol is another discriminating feature of the late necrotic core and is partially attributed to apoptotic cell death of macrophages, in part regulated by ACAT1 [22] . The death of macrophages in the setting of defective phagocytic clearance of apoptotic cells is thought to contribute further to the development of plaque necrosis [22, 23] . The late necrotic cores no longer stain for hyaluronan or proteoglycans and on sirius red stains there is absence of any collagenous matrix. The necrotic core area is surrounded by an overlying layer of thick "fibrous cap" composed mostly of type I and III collagen, proteoglycans and interspersed smooth muscle cells. The fibrous cap is critical for the maintenance of the integrity of the lesion and is subject to thinning, prior to rupture.
Plaque Rupture and Its Precursor Lesion -The Thin Cap Fibroatheroma (TCFA)
Thin-cap fibroatheroma (TCFA), traditionally designated as vulnerable plaque, is recognised by its morphologic characteristic that resembles a ruptured plaque. The main difference is not only the absence of a luminal thrombus and an intact thin fibrous cap ( It is generally a prevailing thought that rupture of fibrous caps occurs at their weakest point, often near shoulder regions. However, we have observed an equivalent number of ruptures occurring at the mid portion of the fibrous cap. In individuals dying during exertion the rupture occurs mainly in the mid fibrous cap, whereas those dying at rest tend to rupture at shoulder regions [28] . Therefore, it is reasonable to speculate that different processes may be involved as catalysts for the rupture event. It has been shown that macrophages in the fibrous cap release matrix metalloproteinases (MMPs) [29] which further weaken the cap, along with high shear stress [30] , microcalcification and iron accumulation within the fibrous cap [31] , and macrophage cell death [32] , all contribute to the disruption of the fibrous cap. Once the fibrous cap ruptures, the necrotic core contents are exposed to the circulating blood, coagulation cascade involving platelets is activated in response to the exposure of lipids and tissue factors which are present in the necrotic core.
Biologic Markers of Plaque Progression
Today atherosclerosis is considered an inflammatory process that occurs as a response to the accumulating lipid within the arterial wall. It begins with elevation of plasma cholesterol levels which result in changes in the arterial endothelial cell permeability that allow the insudation of lipids, especially "cholesterol-containing low-density lipoproteins (LDL)" into the arterial wall where they bind to the extracellular proteoglycan rich matrix and aggregate (Fig. 4) . Also, circulating monocytes now begin to adhere to the endothelial cells that express adhesion molecules, like vascular adhesion molecule-1 (VCAM-1) and selectins which result in the migration of monocytes via diapedesis between endothelial junctions and reside in the subendothelial space [33] 
200×). Panel D shows iron deposits (blue pigment) within foam cells (Mallory's stain, 200×). Panel E shows microvessels bordering the necrotic core with perivascular deposition of von Willebrand factor (vWF) (400×). Panel F shows a low-power view of a fibroatheroma with a thin fibrous cap (arrow) overlying a relatively large necrotic core (Movat pentachrome, 20×). The fibrous cap is devoid of smooth-muscle cells (not shown) and is heavily infiltrated by CD68-positive macrophages (Panel G, 200×). Panel H shows intense staining for glycophorin A in erythrocyte membranes within the necrotic core, together with cholesterol clefts (100×). Panel I shows an adjacent coronary segment with iron deposits (blue pigment) in a macrophage-rich region deep within the plaque (Mallory's stain, 200×). Panel J shows diffuse, perivascular deposits of von Willebrand factor in microvessels, indicating that leaky vessels border the necrotic core (400×).
Reproduced with permission from Kolodgie et al. [58] .
Necrotic Core Enlargement is Critical for Plaque Rupture
It has been shown that macrophage infiltration is the first step towards the eventual formation of atherosclerotic plaque [2] . In vitro studies have shown that LDL uptake by macrophages is facilitated by a two-step oxidation process [51, 52] . The first step begins with mild oxidation of lipid followed by apolipoprotein B oxidation, a modification required for its recognition by the scavenger receptor, which is unaffected by the cholesterol content of the cell [34] . Oxidised cholesterol is delivered to the lysosomes where the oxidised-LDL is hydrolysed to free cholesterol and free fatty acids, the excess cholesterol undergoes re-esterification by acyl coenzyme A:acylcholesterol transferase (SOAT; also known as ACAT) [36] . The excess free cholesterol produced by the macrophage is exported out of the cell most likely via the SR-B1 receptor or other mechanism to HDL particles [36, 53] . Esterified cholesterol accumulates in the cytosol of the macrophage to form intracellular lipid droplets seen in foam cells [36] . As the plaque progresses, the free cholesterol content of lesion increases while cholesterol esters decrease [54] . In human aortic atherosclerotic plaques, the progression from a nondisrupted to a disrupted lesion was associated with an increase in free cholesterol, cholesterol esters, and the ratio of free-to-esterified cholesterol with no change in triglyceride content [54] . Furthermore, the percentage of cholesterol clefts is greater in lesions with ruptured plaques as compared to those of erosion or stable plaques [2, 27] . In the early to mid twentieth century, several leading pathologists (Wartmann 1938, Winternitz 1938, Patterson 1954) put forth the hypothesis that intraplaque haemorrhage is a major contributor to the progression of coronary atherosclerosis [55] [56] [57] . However, the mechanism of plaque haemorrhage was not elucidated. In an effort to further understand the influence of intraplaque haemorrhage on lesion progression, our laboratory examined lesions from PIT to fibroatheroma to thin cap fibroatheroma for the presence of haemorrhagic events [58] . A greater frequency of previous haemorrhages in coronary lesions prone to rupture (as detected by glycophorin A) relative to lesions with early necrotic cores or plaques with PIT was observed ( Table 1) (Fig. 5) [58] . The degree of reactivity of glycophorin A and iron deposition in the plaque corresponded to the increasing size of the necrotic core, and macrophage density, suggesting that haemorrhage itself serves as an inflammatory stimulus [58] . The cause of intraplaque haemorrhage was considered to initiate from disruption of the thinwalled microvessels that are lined by a discontinuous leaky endothelium without the presence of supporting smooth muscle cells [59, 60] . Although pathologic examination of unstable lesions shows that intraplaque haemorrhage and plaque rupture are associated with an increased density of microvessels [28, 61, 62] , the precise mechanisms involved in red blood cells' leakage into the necrotic core are Heart, Lung and Circulation Pathophysiology of Atherosclerosis Plaque Progression 2013;22:399-411 poorly understood. We have shown diffuse perivascular staining of von Willebrand (vWF) factor of intraplaque vasa vasorum and the presence of erythrocyte membranes within necrotic cores, which suggest microvascular disruption or incompetent endothelium as a source of erythrocyte-derived cholesterol [58] . Furthermore, some reports demonstrated dysmorphogenesis of the vasa vasorum with absence of mural cells and poor endothelial cell junction [63] . These immature or leaky vessels therefore allow diffusion of plasma molecules and diapedesis of leucocytes as well as erythrocytes [64] , which are the driving force of further centripetal angiogenesis from the adventitia [65] . Moreover, recent studies have revealed the significance of oxidative stress associated with extravasated red blood cells providing a rapid influx of haemoglobin and macrophage infiltration in the intraplaque area. Free haemoglobin can also bind and inactivate nitric oxide (NO), a potent signal molecule that plays a critical role in the relaxation of smooth muscle and reduced expression of endothelial adhesion molecules, eventually leading to cell injury [66] . A major protective mechanism against direct toxicity of haemoglobin is the presence of haptoglobin, an abundant serum protein whose major function is to bind excess haemoglobin. In atherosclerotic plaques, the primary route for clearance of the haemoglobin is through haemoglobin-haptoglobin complex which bind to the CD163 receptor expressed on macrophages with a subtype of M2 phenotype [67] . Another possible means of protection is the presence of heme oxygenase-1 which has anti-oxidative, anti-inflammatory, anti-apoptotic and possibly immune-modulatory properties and is expressed in endothelial cells, macrophages and SMCs [68] .
Arterial Remodelling in Coronary Atherosclerosis
The seminal work by Glagov 
Reproduced with permission from Burke et al. [71].
MMPs-1, -2, -3, -8, and -14 [73] . However, a recent study suggests that MMP-3 and MMP-9 may be beneficial with regard to plaque stabilisation by promoting fibrous cap formation [74] . Further studies are needed to elucidate the role of MMPs in human coronary arteries.
Plaque Erosion
Plaque erosion is defined as an acute thrombus that is in direct contact with the intima, which is rich in SMCs and proteoglycan matrix with an absence of endothelial lining. The underlying plaque in erosions consists of either PIT or fibroatheroma with a thick fibrous cap, both occurring with equal frequency. We speculate that coronary vasospasm may be involved in its pathophysiology since macrophages and lymphocytes are typically absent, also the media is noted to be intact while in ruptures the media is often destroyed, especially the internal elastic membrane. The plaque in close proximity to the thrombus in erosion lesions is rich in versican, hyaluronan and type III collagen unlike rupture or stable plaque which are rich in type I collagen and biglycan and decoroin [6, 75] [25] . In our first publication which involved men dying from sudden coronary death, ruptured plaque had higher plasma total cholesterol (TC), lower high-density lipoprotein cholesterol (HDL-C), and higher TC/HDL-C ratio as compared to plaque erosion [25] , while only TC correlated with plaque rupture in women, which was shown in a separate study [76] . Consistently smoking is associated with acute thrombosis, and that smoking is a significant risk factor for plaque erosion in women with coronary disease who died suddenly [76] . From our sudden coronary death registry it has been observed that eroded plaques have greater proportion of female, of younger age, less % stenosis, less calcification, with less plaque burden and thrombus as compared to ruptured plaques [6] . Plaque erosion accounts for over 80% of thrombi occurring in women <50 years of age, which is reversed beyond 50 years.
In sudden coronary death victims, intramyocardial microemboli were more frequently observed in erosions (71%) than in plaque rupture (42%) [77] . Moreover, in a separate study we showed that greater than 85% of coronary thrombi in erosions exhibited late stages of healing, whereas in ruptures only one-half of thrombi showed any healing [78] . In an autopsy study coronary thrombi in eroded plaques have been shown to contain a higher density of myeloperoxidase-positive cells than those of ruptured plaques [79] . Moreover, in living patients the circulating blood myeloperoxidase levels are elevated in patients with acute coronary syndromes with erosion as compared to those with rupture, suggesting that it may be possible to separate rupture from erosion by inflammatory biomarkers and presence of plaque erosion can be further confirmed by OCT. Nevertheless, large systematic studies involving many patients are needed to confirm mechanistic differences between erosion and rupture, and perhaps different strategies may be indicated for the treatment of these erosive lesions. [80] . However, the PROSPECT study did not distinguish "calcified nodule" from "nodular calcification". The previously reported calcified nodules in the pathologic studies require the presence of luminal thrombus [2] . Also VH-IVUS is unable to detect the presence of thrombus. "Non-thrombotic calcified nodules" should be discriminated from "calcified nodules", and non-thrombotic calcified nodules have been described by us as "nodular calcification". The results of the PROSPECT study suggest that lesions with nodular calcification are frequent and are not at high-risk of future events.
Healed Plaque Ruptures
Morphologic studies suggest that plaque progression beyond 40-50% luminal narrowing occurs secondary to repeated plaque ruptures, which most often are clinically silent when they occur in less severely narrowed arteries. Ruptured lesions with healed repair sites are called healed plaque rupture (HPR) (Fig. 7) . HPR are typically detected by the identification of breaks in the fibrous cap with an overlying repair reaction consisting of a proteoglycan-rich mass with type III collagen in the early phase but type I collagen at late time points after the event of rupture (>1 year). Davies et al. showed that the frequency of HPRs increases as the lumen narrows [81] . We also showed that 61% of hearts from sudden coronary death victims show HPRs [82] . The incidence of HPRs is highest in stable plaques (80%), followed by acute plaque rupture (75%), and least frequent in erosions (9%).
Conclusions
The primary cause of luminal thrombosis is predominately from plaque rupture, followed by plaque erosion, and least frequent from calcified nodule. The precursor lesions with the potential to rupture are called 'vulnerable' plaques or "thin cap fibroatheroma" which may not be severely narrowed and could represent an appropriate risk-assessment for patients at risk for future coronary events. Macrophages along with T-cells play a pivotal role in the progression of atherosclerotic plaque. Intraplaque haemorrhage is a major contributor to the enlargement of the necrotic core. There are no clinical trials confirming that successful treatment of a vulnerable plaque results in the reduction of future cardiovascular events. Additional refinements to currently available detection modalities for the identification of vulnerable lesions and newer therapies or strategies with careful monitoring of all aspects of disease anatomy and epidemiology will be needed. The pathophysiology of atherosclerotic plaque progression as presented in this review are meant to encourage better understanding by clinicians such that targeting plaque vulnerability and risk reduction can be accomplished in ACS patients.
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